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The magnetic properties of a new compound, Na5RbCu4(AsO4)4Cl2, are reported. The material
has a layered structure comprised of square Cu4O4 tetramers. The Cu ions are divalent and the sys-
tem behaves as a low-dimensional S=1/2 antiferromagnet. Spin exchange in Na5RbCu4(AsO4)4Cl2
appears to be quasi-two-dimensional and non-frustrated. Measurements of the bulk magnetic sus-
ceptibility and heat capacity are consistent with low-dimensional magnetism. The compound has
an interesting, low-entropy, magnetic transition at T = 17 K.
PACS numbers: 75.30.Et, 75.40.Cx, 75.50.-y, 75.50.Ee
Introduction
The occurrence of high-temperature superconductiv-
ity in doped spin-1/2 square planar antiferromagnets
has stimulated the quest for new families of low-
dimensional magnetic materials. We have studied and
report here the first results from a new compound,
Na5RbCu4(AsO4)4Cl2, whose spin exchange interactions
are confined to two-dimensional layers.
Na5RbCu4(AsO4)4Cl2 is a nearly-tetragonal insulating
Cu O
As a
c
FIG. 1: Perspective view of a Cu4(AsO4)4 layer of
Na5RbCu4(AsO4)4Cl2. The layer is contained in the ac-plane.
magnetic material with a remarkable crystal structure[1].
It is a two-dimensional, layered compound with a square-
planar arrangement of copper and oxygen ions. The cop-
per valence state is 2+, so the Cu ions are magnetic
with spin 1/2. The copper and oxygen ions form square
tetramer units, Cu4O4, which are connected by the AsO4
bridging units to form nearly-tetragonal two-dimensional
layers, as illustrated in Fig. 1. Thus the spin exchange of
Na5RbCu4(AsO4)4Cl2 is expected to be essentially two-
dimensional in nature (see below for details).
Experiment
Single-crystals of Na5RbCu4(AsO4)4Cl2 were synthe-
sized by conventional solid state reaction using molten-
salt methods. Details of the synthesis are reported
elsewhere[1]. The crystals are transparent, blue and
plate-like. Typical crystal dimensions are 1 mm × 1 mm
× 200 µm. The crystal structure was determined by em-
ploying single-crystal X-ray diffraction techniques.
The materials were characterized by specific heat and
magnetization measurements. Special care was required
for these measurements because of the small size of the
sample materials. We used a Quantum Design SQUID
magnetometer for the magnetization studies and were
careful to first measure an empty sample holder—with
mounting grease—each time before affixing the sample.
Even with the largest sample (2 mm × 2.3 mm × 500 µm)
of Na5RbCu4(AsO4)4Cl2, the diamagnetic background
signal from the tiny amount of silicone vacuum grease
was nearly 20 % of the measured signal, necessitating
2the careful subtraction. Nevertheless, it was possible to
determine the anisotropy of the magnetization with good
precision.
The specific heat measurements presented an even
greater challenge. The largest crystals weigh only 3 mil-
ligrams and have a total heat capacity of only 25 µJ/K at
T =15 K. Nevertheless, we have constructed a calorime-
ter capable of resolving bulk heat capacities to a reso-
lution of nearly 100 nanoJoules-per-Kelvin. With this
apparatus, it was possible to measure single-crystal sam-
ples.
Susceptibility data for Na5RbCu4(AsO4)4Cl2 are
shown in Fig. 2. The measurements were carried out
with the magnetic field applied along different symmetry
axes of the crystal. The magnetic susceptibility is slightly
higher when the magnetic field is applied along the a- or
c-directions than along the b-direction. No hysteresis was
detected at any temperature. Above T = 100 K, it fol-
lows a Curie-Weiss law with an antiferromagnetic Curie-
Weiss temperature of -86 K with g = 1.97, consistent
with crystal-field quenching of the orbital angular mo-
mentum. At T = 50 K, the susceptibility reaches a broad
maximum before decreasing at lower temperatures. The
solid curve shows a qualitative fit to a high-temperature
series expansion[2, 3] for the magnetic susceptibility of
the uniform two-dimensional nearest-neighbor Heisen-
berg model, yielding an effective single value for the mag-
netic coupling, J = 4.77 meV.
The susceptibility data shows a phase transition at
T = 17 K. As shown in the inset to Fig. 2, the suscep-
tibility drops by approximately 30 to 40 % at the tran-
sition temperature and becomes much more anisotropic.
Below the transition, the susceptibility is smallest when
measured with the magnetic field aligned perpendicular
to the layers of the crystal. It seems likely that the mag-
netic transition upon cooling through 17 K involves the
onset of antiferromagnetic order.
Specific heat measurements taken on single crystals of
Na5RbCu4(AsO4)4Cl2 are shown in Fig. 3. From these
data, we find a Debye temperature of 320 K. We also
observed a second-order phase transition at T = 17 K
as seen clearly in the inset to Fig. 3. The transition
temperature seen in the specific heat corresponds to the
temperature at which we observe the phase transition in
the magnetic susceptibility. We also find that the entropy
loss per spin upon cooling through the transition amounts
to only a small fraction, less than 10 %, of the total free
spin entropy, R ln 2, per Cu2+.
We performed a careful search for a phase transition,
magnetic or otherwise, between 20 K and room tempera-
ture using ac calorimetry. No transition was found. Ad-
ditionally, the susceptibility was measured at T = 4.2 K
in magnetic fields up to 33 T using a cantilever suscep-
tometer to detect metamagnetic or spin-flop transitions
at the National High Magnetic Field Laboratory. No
field-induced transitions were found.
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FIG. 2: The magnetic susceptibility of
Na5RbCu4(AsO4)4Cl2 for different orientations of the
magnetic field with respect to the crystal axes, as indicated.
The solid curve shows the temperature dependence of the
magnetic susceptibility of the two-dimensional Heisen-
berg model with J = 4.77 meV. The inset shows the
antiferromagnetic phase transition at T = 17 K.
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FIG. 3: Specific heat of Na5RbCu4(AsO4)4Cl2. The data
are shown per mole of Cu2+. There is a second-order phase
transition at T = 17 K, as shown more clearly in the inset.
The total entropy involved in the transition is small, amount-
ing to less than 10 % of the free-spin entropy-per-mole, R ln 2.
Discussion
Because of its layered structure, the magnetic proper-
ties of Na5RbCu4(AsO4)4Cl2 should be governed primar-
ily by the spin exchange interactions between neighbor-
ing Cu2+ ions within the same Cu4(AsO4)4 layer. Spin
exchange between the layers of the compound should be
very small because the interlayer O...O distances are long
3Cu O Cl
FIG. 4: Close-up view of a single Cu4O4 tetramer show-
ing the bent Cu–O–Cu bonds. The bond angle is close to
110◦, causing the intratetramer superexchange couplings to
be much smaller than in cuprates having straight, 180◦ Cu–
O–Cu bonds.
(greater than 6.1 A˚). In addition, the stacking of the lay-
ers is staggered (see Ref. 1 for details) in a way that
frustrates inter-layer exchange.
Within a single Cu4(AsO4)4 layer, adjacent Cu4O4
tetramers are connected by AsO4 bridging units. It
is, however, unlikely that superexchange coupling via
the As-O bonds is important because even the P-O
bonds in (VO)2P2O7 are not an efficient medium for spin
exchange[4] although the P 3s/3p orbitals overlap more
strongly with the O 2s/2p orbitals than do the As 4s/4p
orbitals. The spin exchange within each tetramer should
take place via the Cu-O-Cu superexchange paths. Thus
there are two intra-tetramer coupling constants, Ja and
Jc, to consider because the a- and c-directions are not
equivalent (see Fig. 5).
As shown in Fig. 4, the Cu4O4 tetramer units are
buckled. The Cu–O–Cu bonds are far from straight, the
bond angle being 110.9◦ along the a-axis and 108.7◦ along
the c-axis instead of 180◦. This signficantly reduces the
strength of the superexchange coupling between adjacent
copper ions, which can exceed 120 meV in compounds
having colinear Cu–O–Cu bonds[5].
Significant inter-tetramer interactions are possible
through the Cu-O...O-Cu super-superexchange paths if
the Cu-O...O-Cu bonds are close to linear and the O...O
contact distances are short[6]. Analysis of the layer struc-
ture suggests that such super-superexchange interactions
should occur between adjacent tetramers along the in-
plane diagonals. There are two inter-tetramer coupling
constants, J′a and J
′
c, to consider (see Fig. 5).
Values for the four different Heisenberg couplings can
be estimated on the basis of spin dimer analysis[4, 6].
This method calculates the hopping integral, t, for the
spin dimer[7] (i.e., the structural unit containing two ad-
jacent spin sites) corresponding to an exchange path on
the basis of tight-binding molecular orbital calculations.
For antiferromagnetic spin exchange, the coupling con-
stant J is given by J = 4t
2
Ueff
, where Ueff is the effective
onsite repulsion. It was possible to estimate the value of
Ueff = 1.5 eV for our calculations involving Cu dx2−y2
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FIG. 5: Non-frustrated Heisenberg antiferromagnetic spin
exchange interactions between neighboring Cu2+ ions in
the Cu4(AsO4)4 layers of Na5RbCu4(AsO4)4Cl2. Ja and
Jc are antiferromagnetic superexchange couplings within a
single tetramer; J′a and J
′
c are antiferromagnetic super-
superexchange couplings between adjacent tetramers.
orbitals by comparing a set of experimental J values
with the corresponding calculated t2 values for Nd2CuO4
and La2CuO4.[8] Thus from the hopping integrals calcu-
lated for the four exchange paths shown in Fig. 5, their
spin-exchange coupling constants are estimated as fol-
lows: Ja ≈ 6 meV, Jc ≈ 3 meV, J
′
a ≈ 6 meV, and J
′
c ≈ 5
meV.
Our calculations indicate that inter-tetramer interac-
tions are as important as the intra-tetramer interac-
tions. We found that the spin exchange interactions
through other spin exchange paths are negligible. Thus
the spin exchange interactions in Na5RbCu4(AsO4)4Cl2
cannot be approximated by a model of weakly interacting
tetramers. The calculations indicate that spin-exchange
in Na5RbCu4(AsO4)4Cl2 is quasi-two-dimensional and
non-frustrated.
As described above, ac calorimetry confirmed the ab-
sence of any cooperative phase transition above 20 K.
Only when the material was cooled below 17 K were the
spins observed to order magnetically. This phase transi-
tion at 17 K has some peculiar features which appear to
distinguish it from conventional antiferromagnetic transi-
tions. The first is that the observed ordering temperature
is much smaller, by a factor of five, than the measured
Curie-Weiss temperature, |θ| = 86 K. This is probably
understandable because of the anisotropy of the spin-
exchange in Na5RbCu4(AsO4)4Cl2: the magnetic order-
ing necessarily involves the much weaker magnetic cou-
pling along the b-direction.
We note that the total entropy involved in the second-
order transition is smaller—by an order of magnitude—
than is common for three-dimensional antiferromagnetic-
ordering transitions. It is obvious that the transition does
involve some sort of spin ordering because of its effects on
the magnetic susceptibility (Fig. 2, inset), which means
that the low entropy must be accounted for. The most
likely explanation would be that much of the spin de-
generacy had already been lifted at higher temperatures
4as the spin degrees of freedom develop low-dimensional
correlations upon cooling below T ≈ J/kB.
In summary, Na5RbCu4(AsO4)4Cl2 is a new layered
cuprate antiferromagnet, in which spin exchange interac-
tions are largely confined to well-separated layers. The
bilinear, Heisenberg spin exchange interactions appear to
be non-frustrated.
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